Filarial infections have been associated with the development of a strongly polarized Th2 host immune response and a severe impairment of mitogen-driven proliferation and type 1 cytokine production in mice and humans. The role of this polarization in the development of the broad spectra of clinical manifestations of lymphatic filariasis is still unknown. Recently, data gathered from humans as well as from immunocompromised mouse models suggest that filariasis elicits a complex host immune response involving both Th1 and Th2 components. However, responses of a similar nature have not been reported in immunologically intact permissive models of Brugia infection. Brucella abortus-killed S19 was inoculated into the Brugia-permissive gerbil host to induce gamma interferon (IFN-␥) production. Gerbils were then infected with B. pahangi, and the effect of the polarized Th1 responses on worm establishment and host cellular response was measured. Animals infected with both B. abortus and B. pahangi showed increased IFN-␥ and interleukin-10 (IL-10) and decreased IL-4 and IL-5 mRNA levels compared with those in animals infected with B. pahangi alone. These data suggest that the prior sensitization with B. abortus may induce a down regulation of the Th2 response associated with Brugia infection. This reduced Th2 response was associated with a reduced eosinophilia and an increased neutrophilia in the peritoneal exudate cells. The changes in cytokine and cellular environment did not inhibit the establishment of B. pahangi intraperitoneally. The data presented here suggest a complex relationship between the host immune response and parasite establishment and survival that cannot be simply ascribed to the Th1/Th2 paradigm.
Human lymphatic filariasis, caused by the filarial nematodes Wuchereria bancrofti and Brugia malayi, affects a large proportion of people in tropical and subtropical regions of the world. Infection in humans is accompanied by the development of a prominent Th2-type host response, reflected by an expansion of interleukin-4 (IL-4)-and IL-5-producing CD4 ϩ cells, an increase in serum immunoglobulin E (IgE) and IgG4 levels, (20, 24) , and a pronounced eosinophilia (20) . This response is accompanied by a severe impairment of mitogen-driven proliferation and IL-2 and gamma interferon (IFN-␥) production in mice and humans (36) .
In regions of endemic filariasis, most infected individuals are microfilaremic but asymptomatic and are considered to be immunologically hyporesponsive to filariae. These impaired responses to filarial antigens are manifested by a reduction in T-cell proliferation (43, 46, 48) and impaired production of immunoglobulin to parasite antigens in vitro (44) . In contrast, patients who develop pathological signs such as elephantiasis are characteristically amicrofilaremic and mount strong cellular and humoral immune responses to the parasite. These responses, in conjunction with extrinsic immune-independent factors, are reported to contribute to the pathological changes observed in such people (13) .
The questions regarding filaria-induced host responses in humans can best be addressed by using a laboratory animal model. The Brugia-mouse model is the most attractive due to the availability of a wide range of inbred and knockout strains and the most contemporary immunologic reagents. Depleting Th1 responses in mice appears to result in increased worm recoveries, as reported for both IFN-␥ knockout mice (2) and mice depleted of nitric oxide (49) . Together, these observations suggest that Th1-mediated events, such as the activation of macrophages, are involved in protective resistance to Brugia. This is supported by the Th2 nature of immune responses reported from hosts carrying persistent infections. However, the lack of long-term parasite survival and the nonpermissive nature of most strains of mice suggest that infection in these animals may not truly mimic human infection, thereby limiting the usefulness of this model. The Mongolian gerbil (Meriones unguiculatus) has proven to be an excellent permissive rodent model for the study of lymphatic filariasis using B. pahangi (21, 22, 42) or B. malayi (40) . Upon infection, gerbils develop chronic infections with persistent microfilaremia and are susceptible to reinfection (33) . Gerbils infected either subcutaneously or intraperitoneally (i.p.) show granuloma formation in the lymphatics or peritoneal cavity, respectively. Brugia-infected gerbils also show the characteristic decrease in antigen-induced proliferative responses (25, 29) and the Th2 type cellular response observed in humans (T. R. Klei, S. R. Chirgwin, U. R. Rao, and Z. Mai, unpublished data).
Recognition of the contrasts between Th1 and Th2 responses in many diseases has recently brought to light the therapeutic possibilities of manipulating the Th1-Th2 balance in an attempt to alter disease outcome (7) . The Mongolian gerbil-Brugia model is a well-defined system with which to investigate this phenomenon. Specifically, altering the cell-mediated immune response in gerbils at the time of infection with B. pahangi may alter parasite establishment and early development and/or the progression of lesion development. Bacteria such as Brucella abortus elicit a dominant Th1-type host response to infection in both humans and mice, characterized by the production of IFN-␥ in both humans and mice (51, 53, 54, 57) . In addition, Brucella has previously been used in mice to alter the cytokine mileu and, consequently, the subsequent outcome of infection with gastrointestinal nematodes (55) . The aims of the studies presented here were twofold: (i) to compare the effectiveness of various strains of B. abortus as immunomodulators in the gerbil, with the aim of inducing an environment rich in Th1-type cytokines, as indicated by an increase in IFN-␥ levels, and (ii) to determine whether the prior establishment of a dominant Th1 response would alter the parasiteassociated inflammatory response and/or the parasite-induced cytokine profile and consequently alter the i.p. establishment and early development of B. pahangi.
In both experiments, animals were inoculated i.p. with either kS19 B. abortus (Baϩ0) or sterile saline (0ϩ0) on day Ϫ7. On day 0, three gerbils receiving either saline (0ϩ0) or bacteria (Baϩ0) were euthanized and their spleens, renal lymph nodes (RLN), and PEC were collected for reverse transcription-PCR (RT-PCR) analysis of cytokine mRNA. Half of the remaining animals were then i.p. infected with 100 B. pahangi L3 larvae (0ϩBp, BaϩBp) while the rest were given medium only (0ϩ0, Baϩ0). All animals were euthanized at 28 days p.i., a time when the worms have completed their developmental molts and are classified as immature adults. In this way, the experiment was focused on the effect of elevated levels of IFN-␥ on early establishment and subsequent survival of B. pahangi. In addition, at this time the worms are larger and easier to visualize than are early L3 larvae, increasing the accuracy of the worm recovery data.
Spleen, RLN, and PEC samples were analyzed for cytokine mRNA, and worms were recovered and enumerated in both experiments. In the second experiment, complete blood cell counts (CBC) were conducted and the host inflammatory response to parasite antigens was investigated using a pulmonary granulomatous response (PGRN) model (26) . Cytokine gene expression data presented here are the mean of the two coinfection experiments. Worm recoveries are presented from both experiments.
RNA extraction and RT-PCR. RNA was extracted from the spleens and PEC of gerbils in all experiments. RLN were also processed for RNA in the coinfection experiments. PEC were collected by lavage with PBS. Spleen and RLN single-cell suspensions, prepared by passing half of the spleen or both lymph nodes through a 70-m cell strainer (Falcon), were centrifuged at 2,600 ϫ g for 10 min (4°C). The pellets were resuspended and homogenized in 0.5 ml of RNAStat 60 (Tel-test, Friendship, Tex.), snap frozen on dry ice, and then stored at Ϫ70°C. RNA was isolated using chloroform extraction as specified by the manufacturer (Tel-test), and its concentration and integrity were determined using a spectrophotometer. Reverse transcription was carried out on 1,200 ng of RNA as previously described (54) . This cDNA was employed as a template in quantitative PCR using either the Q-PCR system 5000 (Q-PCR) or the ABI PRISM 7700 sequence detection system (Taqman) (both produced by Applied Biosystems, Foster City, Calif.).
Primers and probes. The gene sequences encoding gerbil IL-4 (GenBank accession no. L37779), IL-5 (L37780), IL-10 (L37781), IFN-␥ (L37782), and hypoxamthine phosphoribosyltransferase (HPRT) (L37778) have been reported elsewhere (37, 38, 39) . Gerbil cytokine-and HPRT-specific oligonucleotide primers and probes were designed for both quantitative PCR systems and generated commercially (GeneLab, Baton Rouge, La.; Baron Biotech, Plymouth, Mass.; Applied Biosystems). All oligonucleotide sequences are listed in Table 1 .
Primers designed from the antisense DNA strand for use with the Q-PCR system 5000 (i.e., IL-4, IFN-␥, and HPRT) were biotinylated at their 5Ј terminus. Probes used in Q-PCR hybridization were designed from the sense strand and were labeled with tris-(2,2Ј-bipyridine) ruthenium(II) chelate (TBR) at their 5Ј terminus. Primers used with the 7700 sequence detection system (IL-5, IL-10, and HPRT) were unlabeled, while probes designed for this system were labeled with the reporter dye FAM (6-carboxyfluorescein) and the quencher dye TAMRA (6-carboxytetramethylrhodamine).
PCRs. Q-PCRs were optimized for gerbil cDNA samples based on previously published data from equine cytokines (54) and were conducted under optimal conditions for exponential phase amplification. Amplification was carried out using the following parameters; 94°C for 1 min, then 34 cycles of 94°C for 20 s, 55°C for 30 s, and 72°C for 40 s, with a final extension of 72°C for 7 min. Taqman PCRs for HPRT, IL-5, and IL-10 were carried out using the PE Biosystems Universal PCR Master Mix as specified by the manufacturer. All quantitative PCR analyses were carried out in duplicate.
Quantitating cytokines with the Q-PCR System 5000. Cytokine mRNA was quantified as described previously (54) . Briefly, 5 l of PCR product was hybridized to a TBR-labeled probe and captured with streptavidin-coated beads (Dynabeads; Applied Biosystems). The reaction was then quantified by a photomultiplier tube that reports the final value in luminosity units (LUM).
The mean LUM generated by the Q-PCR machine for each cytokine was normalized to HPRT using the following method. A standard numerical value (2,500) was divided by the mean HPRT LUM for each sample. This number was then multiplied by the average LUM for each cytokine measured in that sample to give a corrected cytokine LUM value. Comparison of the LUM units of the cytokines in treated groups compared with those obtained from control animals allowed the cytokine level to be expressed as a measure of fold change compared with controls.
For the two coinfection studies, HPRT, IL-4, and IFN-␥ mRNA levels were measured using plasmid standard curves to interpolate a numerical value of cytokine expression (copy unit). The raw LUM values obtained for the plasmid curves and the samples were analyzed using linear regression (SigmaPlot) (de-scribed in reference 54). The luminosity values obtained for cytokine samples were then interpolated to give the copy units of a cytokine present in a sample. The mean was calculated from control (0ϩ0), groups and each cytokine value from animals in treatment groups was divided by this mean to provide a measure of fold change in cytokine production compared to controls Ϯ standard error.
Detecting IL-5 and IL-10 using the 7700 sequence detection system. Taqman PCRs were conducted using commercially available PCR master mix and the suggested protocol (Applied Biosystems). Relative standard curves were constructed using cDNA produced from RNA isolated from spleen cells stimulated with concanavalin A (10 g/ml) for 24 h (see reference 26 for the protocol). Undiluted cDNA was designated a value of 1,000. Serial dilutions (1:1) were made, with the first dilution designated 500, the second designated 250, etc., until 10 dilutions had been made.
Cycle threshold values were obtained for IL-5, IL-10 and HPRT for each gerbil PEC sample. Linear regressions were carried out as described in the ABI PRISM 7700 sequence detection system user bulletin no. 2 (Applied Biosystems). Values obtained for IL-5 and IL-10 were normalized to the HPRT value of that sample, and values are presented as fold change compared with the mean value of the control group Ϯ standard error. PGRN. A PGRN was induced by embolizing cyanogen bromide-Sepharose 4B (CNBr-4B) beads (Sigma Chemical Co, St. Louis, Mo.) in the lungs of gerbils 3 days prior to necropsy, as previously described (22) . In brief, sized CNBr-4B beads were coated with either parasite-soluble extracts (SAWA) (see reference 22 for preparation of SAWA) or diethylamine (DEA) (Sigma). Gerbils received approximately 2.5 ϫ 10 4 beads inoculated into the retro-orbital sinus. At necropsy the lungs were perfused with 10% formalin, embedded in paraffin, and step sectioned at 2.4 m. At least 40 m of tissue was cut before the next step section was taken to ensure that multiple measurements were not taken on the same bead. Areas of 20 granulomas surrounding 40-to 60-m diameter beads were measured in each animal by using Photoshop image analysis software (Corel Corp. Ltd., Dublin, Ireland), and the are data presented as the arithmetic means of each treatment group Ϯ standard error.
Cellular profile. All gerbils in the second coinfection study were bled at necropsy for CBC analysis. Cells were also washed from the peritoneal cavity of all gerbils using PBS. The washes were centrifuged (2,600 ϫ g for 10 min at 4°C) and resuspended in 5 ml PBS. Aliquots of 100 l were applied to a glass slide using a Cytospin (Shandon Inc, Pittsburgh, Pa.). Cells were heat fixed and then stained with a modified Wright's Giemsa stain (Hema-Tek Stain Pak; Bayer Corp., Tarrytown, N.Y.). One hundred cells were counted and identified as eosinophils, mast cells, neutrophils, lymphocytes, or macrophages.
Statistics. Cytokine mRNA, PGRN data, and cell counts were analyzed using analysis of variance. Bacterial colonization data were analyzed using analysis of variance and Tukey's test. Worm recovery data were analyzed using a t test and Tukey's test. Significance was set at P Ͻ 0.05 for all tests. All statistical analyses were conducted using SYSTAT 8.0 (SSPS Inc.).
RESULTS
Gerbils clear B. abortus strains following antibody production. All gerbils inoculated with B. abortus S2308, S19, or kS19 produced antibodies, although the kinetics of the antibody response varied according to the bacterial strain (data not shown). Animals infected with virulent S2308 produced the most rapid antibody response, with all animals testing positive by 14 days p.i. All gerbils receiving kS19 were also antibody positive at 14 days p.i., while 100% of animals receiving the live S19 cells were not positive until 42 days p.i. No gerbils inoculated with RB51 were positive, since RB51 is a rough B. abortus strain and does not carry the oligopolysaccharide molecule found on the outer membrane of the smooth B. abortus strains (28) . The agglutinating antibodies measured by the card test are produced against this oligopolysaccharide molecule.
The rate of bacterial clearance by the gerbils corresponded with strain virulence (Fig. 1A) . S2308 was isolated from all gerbils at 28 days p.i. and was still cultured from one animal at 56 days p.i. Indeed, gerbils receiving S2308 showed significantly higher bacterial colonization than did gerbils receiving other strains until this time. Gerbils receiving S19 cleared the bacteria more quickly than did those infected with S2308 but less quickly than those infected with RB51. The difference in bacterial growth between gerbils infected with S19 and RB51 was statistically significant at 14 days p.i.
B. abortus infection results in increased IFN-␥ production in the spleen and PEC of the Mongolian gerbil. Cytokine mRNA levels were quantitated in PEC and spleen samples collected from all necropsied gerbils. PEC taken from all Brucella-infected gerbils showed elevated levels of IFN-␥ at 7 days p.i., with S19 producing the highest increase (193-fold greater than controls) (Fig. 1B) . However, the levels of IFN-␥ mRNA in PEC decreased markedly after 7 days p.i. in all animals and were generally absent after 28 days p.i. The PEC collected from the five gerbils in each treatment group were pooled at necropsy. Consequently, no statistical analysis was performed due to the lack of replicates.
Spleen samples from B. abortus treated gerbils also showed increased IFN-␥, compared with those taken from control animals (Fig. 1C ) at 7 days p.i. As in the PEC, RB51 and S19 induced the highest increase in IFN-␥ mRNA levels, although RB51 (18-fold) was more effective than S19 (14-fold) in spleen cells. In all animals infected with kS19, S19, or RB51, levels of IFN-␥ mRNA in the spleen fell rapidly after 7 days. However, levels of IFN-␥ remained elevated until 42 days p.i. in spleens from gerbils infected with S2308. These levels were signifi- GAC TGA TTA T5GG ACA G  AGC TGA GAG ATC ATC TCC ACC AAT  GGG GGC TAT AAA TTC TTT GCT G  CCTTTTTCCCCCGTTAGTTCA  CATCGCCAATCACGATGCT  CCGTCATGGCGACCCGCAG  IFN-␥  ATC AGG GCA GAT CTA ATC GCT AAC T  TGA CTC TGG GTG ACA GAT GGC CCA  TGAAGCGAAATACGATGGGTT  TTCGTACAGGAGCCGGACTT  ACAAGATGCAGTGTGTAGCGTTC cantly higher than those induced in the spleens of gerbils receiving either RB51 or S19 at this time point. Inoculation of gerbils with the B. abortus strains did not result in increased levels of IL-4 mRNA compared with controls in either spleen or PEC samples (data not shown). Based on these data, kS19 was selected for further experiments. This strain induced significant levels of IFN-␥ on day 7 without concomitant effects of long-term Brucella infection or the hazards associated with using live organisms.
Ba؉Bp gerbils show increased IFN-␥ and a decreased Th2-type cytokine response. Gerbils inoculated i.p. with kS19 (Baϩ0) showed a 240-fold induction of IFN-␥ in the PEC on day 0, compared with controls (0ϩ0) (data not shown). Lower levels of IFN-␥ were observed in the spleen (sixfold) and RLN (fivefold), however, confirming the strong compartmentalization of the gerbil cellular response following inoculation with various Brucella strains. As expected, little IL-4 was observed in either Baϩ0 or 0ϩ0 gerbils on day 0. At 28 days p.i., BaϩBp gerbils showed the highest levels of IFN-␥ in all tissues ( Fig. 2A) . Indeed, the IFN-␥ mRNA levels in PEC of BaϩBp gerbils were significantly higher than were the levels in PEC from Baϩ0 and 0ϩBp gerbils at 28 days p.i. The highest increase in IL-4 mRNA levels, compared with controls, was observed in gerbils infected with B. pahangi alone (0ϩBp) (Fig. 2B) , while Baϩ0 gerbils showed the lowest levels of IL-4 mRNA induction. BaϩBp gerbils showed intermediate levels of IL-4 in spleen and PEC, suggesting a possible crossregulatory effect by the pre-existing Th1-type response in these tissues. Little difference in RLN IL-4 mRNA levels was detected between 0ϩBp-and BaϩBp-treated gerbils.
IL-5 mRNA levels in PEC showed a similar trend to IL-4 mRNA levels, with the highest levels observed in 0ϩBp-infected gerbils, the lowest levels observed in Baϩ0-treated gerbils, and intermediate levels observed in BaϩBp-infected gerbils (Fig. 3) . IL-10 mRNA exhibited a different pattern from that of IL-5, with low levels reported from Baϩ0 and 0ϩBp gerbils (less than a twofold increase compared with 0ϩ0 gerbils). BaϩBp gerbils showed slightly elevated levels of IL-10 (7.8-fold increase compared with control gerbils), which were not significantly different.
Prior B. abortus sensitization does not significantly alter the inflammatory response to parasite antigens in B. pahangi- 
FIG. 2. Quantitation of IFN-␥ (A) and IL-4 (B) in gerbil spleens
, RLN, and PECs. Gerbils were inoculated with B. abortus (Baϩ0), infected with B. pahangi (0ϩBp), or given both B. abortus and B. pahangi (BaϩBp). On day 28 after B. pahangi infection, the gerbils were necropsied and spleen, RLN, and PEC RNA was isolated. IFN-␥ and IL-4 mRNA levels were measured using RT-PCR and are expressed as fold change compared with control (0ϩ0) gerbils.
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BRUCELLA AND FILARIAE 5941 infected gerbils. PGRN formation was used as an indicator of the immune responsiveness of the treated gerbils. The largest granulomas were observed in the lungs of 0ϩBp gerbils inoculated with SAWA-coated Sepharose beads (data not shown), as expected from prior studies (22) . The mean area of PGRN to BpAg-coated beads in BaϩBp-treated gerbils (16,637.11 m) was smaller than that observed in 0ϩBp gerbils (19,554.17 m) but larger than that seen in Baϩ0 gerbils (833.26 m). These differences were not statistically significant. Sensitization with kS19 does not inhibit B. pahangi establishment. There were no statistically significant differences in the number of worms recovered from treatment groups in either coinfection study (Table 2 ). However, we did observe that Ba ϩ Bp gerbils harbored approximately 20% more worms than 0 ϩ Bp gerbils in the second study. These data suggest that the presence of B. abortus-induced IFN-␥ in the peritoneal cavity prior to and at the time of i.p. infection with B. pahangi and during the early development of the L3 larvae does not inhibit the establishment of this parasite in gerbils.
Prior sensitization with B. abortus causes cellular changes in B. pahangi-infected gerbils. Total circulating leukocytes were counted and expressed as the number of cells per milliliter. Bpϩ0 gerbils showed similar numbers of total leukocytes (19.4 ϫ 10 6 cells/ml) to those in 0ϩ0 gerbils (22.3 ϫ 10 6 cells/ml). However, Baϩ0 and BaϩBp gerbils had significantly fewer total leukocytes than did 0ϩ0 gerbils (13.5 ϫ 10 6 and 14.3 ϫ 10 6 /ml, respectively). Eosinophils were enumerated and expressed as a percentage of total circulating cells or PEC in each gerbil (Table 3) . 0ϩBp gerbils showed the greatest percentage of circulating eosinophils. BaϩBp gerbils showed lower levels of eosinophils than those observed in 0ϩBp gerbils but higher levels than those reported for Baϩ0 gerbils. These data suggest the B. abortus sensitization and the presence of a Th1-type cellular environment may have changed the host cellular response to B. pahangi infection. Analysis of both untransformed and log-transformed data did not show statistically significant differences between the treatment groups. The eosinophil profile in the peritoneal cavity mimicked that observed in CBCs (Table 3) , with the highest eosinophilia recorded in 0ϩBp gerbils. BaϩBp animals showed fewer eosinophils than did 0ϩBp gerbils, as was observed in peripheral cells. Eosinophils made up less than 1% of the total cells identified in 0ϩ0 and Baϩ0 gerbils. The levels of peritoneal eosinophils in BaϩBp and 0ϩBp gerbils were significantly different from those in 0ϩ0 and Baϩ0 gerbils (P ϭ 0.01). BaϩBp gerbils showed the highest levels of neutrophils and the lowest levels of macrophages (P ϭ 0.03 and P ϭ 0.04, respectively), suggesting a complex cellular environment. Total lymphocytes and mast cells were also identified and counted, although no significant differences existed between groups when examining these cells.
DISCUSSION
All three live strains of B. abortus colonized gerbils transiently, with bacteria being cleared between 28 (S19 and RB51) and 42 (S2308) days p.i. The kinetics of bacterial infection varied according to strain virulence, with S2308 persisting in gerbil spleens longer than did either S19 or RB51. However, the gerbils cleared S2308 by 42 days p.i., suggesting they are less susceptible to this strain than mice, which can harbor S2308 for between 12 weeks (C57BL/10) and 6 months (BALB/c) (41) . This relationship between virulence and infection maintenance, which has also been observed in mice (41) and cattle (11) , is probably due to the release by the more virulent strains of soluble factors (other than lipopolysaccharide) that inhibit phagolysosomal fusion (14) , prevent degranulation (4) and oxidative burst (27) , and suppress tumor necrosis factor alpha production by monocytes (5). The lengthened exposure to S2308 was also reflected by the prolonged immunoglobulin production observed in gerbils infected with this strain. This is the first report of the experimental infection of Mongolian gerbils with B. abortus and as such provides novel IFN-␥ mRNA levels were increased in both PEC and spleens of gerbils following B. abortus inoculation. The largest increases in IFN-␥ levels were observed following inoculation with either S19 (PEC) or RB51 (spleen) at 7 days p.i. The highest levels of IFN-␥ mRNA were observed in gerbil PEC, the site of Brucella inoculation, following administration of S19. All PEC responses were greatly decreased by 14 days p.i. as the bacteria were cleared by the gerbils or began to colonize systemic organs, such as the spleen.
Brucella-induced Th1 responses have previously been shown to confer both resistance and increased susceptibility to various pathogens. For example, B. abortus-induced IFN-␥ inhibits the development of protective immunity in mice to the nematode Nippostrongylus brasilienesis, probably by interfering with the production and effects of Th2 cytokines associated with this protection (55) . In the present experiments, kS19 was used to induce IFN-␥ in the peritoneal cavity of gerbils prior to infection with B. pahangi. The ability of kS19 to induce transient IFN-␥ production by the gerbil in the absence of an ongoing infection made it a suitable candidate for these immunomodulation studies. Another advantage of using kS19 is that this strain can be manipulated under normal laboratory conditions, as opposed to the strict regimes required when working with live B. abortus strains.
Primary infection of both humans and mice (permissive or nonpermissive) with Brugia L3 larvae usually results in the induction of a Th2 host response (3, 34, 45, 56) . Gerbils infected only with B. pahangi similarly developed Th2 responses, showing elevated levels of IL-4 and IL-5, compared with other groups. However, BaϩBp gerbils had decreased levels of these Th2-type cytokines compared with 0ϩBp gerbils. These gerbils also showed the highest levels of IL-10 and IFN-␥ in all tissues, suggesting the presence of a mixed cytokine milieu following dual administration of kS19 and B. pahangi. The presence of both Th1-and Th2-type cytokines following administration of a bacterium and a helminth parasite is not unexpected. Indeed, similar results have been observed using antigen preparations. Pearlman et al. (47) immunized mice with Mycobacterium tuberculosis antigen preparation either alone, or following immunization with B. malayi antigen. The mice immunized with helminth antigen followed by bacterial antigen showed IL-4, IL-5 and IFN-␥, production while the mice immunized only with M. tuberculosis antigen developed a strongly polarized Th1 response. These data suggest that there is a modulation effect of the initial immune effectors (to B. malayi antigen) on the host response raised against subsequent agents introduced into the host (in this case, M. tuberculosis antigen).
A similar phenomenon was observed in the present experiments, with BaϩBp gerbils displaying mixed Th1 and Th2 cytokine responses. We now know that B. pahangi itself induces IFN-␥ in the PECs of i.p. infected gerbils. Effectively, then, BaϩBp gerbils received an initial Th1 stimulus followed by a mixed Th1-Th2 stimulus. It is possible that the preexisting Th1 cells in kS19-inoculated gerbils promoted further expansion of Th1 cell populations in response to B. pahangi infection. The cytokine environment at the time of antigen priming has been proposed to have a profound effect on the Th subset elicited following antigen administration (9) , and Th1 and Th2 lymphocytes are thought to proliferate optimally in response to different populations of antigen-presenting cells. Alternatively, rather than promote further Th1 cell expansion, the Th1 component in the mixed immune response to B. pahangi may have been sufficient to delay the decline in the IFN-␥ mRNA level observed in Baϩ0 gerbils. In addition, the Th1 response may have actively contributed to the suppression of IL-4 and IL-5. Whether this down regulation is due specifically to the increased levels of IFN-␥ remains undetermined.
Most commonly, patients with generalized onchocerciasis and lymphatic filariasis exhibit a decrease in cellular responsiveness (43) . Evidence now suggests that this suppression of T-cell activation and inflammation in human onchocerciasis may be IL-10 and transforming growth factor dependent (10, 31, 32) . T-cell clones generated from peripheral blood mononuclear cells from patients with generalized onchocerciasis have shown a cytokine profile characteristic of a new type of suppressor cells previously found in tolerization against autoimmunity and alloreactivity (10, 17) . This is the first report of the occurrence of such cells, termed Th3 or Tr1, in an infectious disease, and it has been suggested that they may be involved in parasitic infections that are not clearly polarized, such as lymphatic filariasis and schistosomiasis (16, 52) . The production of both Th2 (IL-4 and IL-5) and Th1 (IFN-␥) responses by gerbils infected i.p. with B. pahangi L3 suggests that this is certainly not a strongly polarized host response. Tr1 cells are thought to suppress naive and memory Th1 and Th2 responses via the production of IL-10 and transforming growth factor ␤. In addition, whereas IL-10 was once clearly classified as a Th2-type cytokine that could down regulate Th1 responses, there is now increasing evidence that IL-10 may also act as an inhibitor of Th2 responses both in vivo and in vitro (58, 59) . However, BaϩBp gerbils did not show significantly higher levels of IL-10 than did other treatment groups, suggesting that if Th3/Tr1 cells are involved in the Th2 suppression observed in these experiments, they may act through mechanisms in addition to those involving IL-10.
The decreased PEC and circulating eosinophil levels in BaϩBp gerbils corresponded to the observed reduction in Th2 cytokine responses. Numerous studies have shown that eosinophilia in nematode infections (6, 18, 19) and more specifically in filarial infections (12, 13) is dependent on the cytokine IL-5, and our data support a relationship between IL-5 and eosinophil levels in this model. However, this relationship appears to be complex. For example, IL-5 has been implicated in the killing of Onchocerca microfilariae (12) but appears to have little or no influence on the establishment of the rodent filariid Litomosoides sigmodontis L3 in BALB/c mice (27) . The exact nature of the interactions between IL-5 and eosinophils and B. pahangi L3 early development in the gerbil model is still not known.
The neutrophil composition of PECs also varied between groups, with BaϩBp gerbils showing significantly more neutrophils than did 0ϩ0 gerbils (P ϭ 0.011). Like eosinophils, neutrophils appear to play different roles in filarial infections. In onchocerciasis, they comprise a large proportion of the onchocercomata that forms around adult worms (46) . Often these neutrophils are concentrated around the vulva of the worm, where microfilariae are released (50, 51) . The data collected here show increased PEC neutrophil levels in re- VOL. 70, 2002 BRUCELLA AND FILARIAE 5943
on October 14, 2017 by guest http://iai.asm.org/ sponse in 0ϩBp gerbils, compared with 0ϩ0 gerbils; this may be in response to the presence of microfilariae in the peritoneal cavity. Gerbils sensitized to the Th1-type inducing organism B. abortus prior to infection with B. pahangi showed a slightly decreased PGRN response to SAWA-coated beads than did 0ϩBp gerbils. The chronicity of filarial infections has been suggested to favor the expansion of T-cell subsets producing IL-4 and IL-5 (23, 24) and a suppression of Th1-type responses (24) . However, other literature suggests that the inflammatory responses and clinical signs usually associated with both lymphatic filariasis and onchocerciasis can be linked to the presence of both Th1-and Th2-type cytokines (34, 48, 52) . The data presented here indicate that altering the cytokine mileu by introducing B. abortus prior to B. pahangi infection does not significantly alter the PGRN response in gerbils.
The presence of elevated levels of IFN-␥ in the peritoneal cavity at the time of B. pahangi infection does not appear to inhibit parasite establishment or development. Indeed, data from one experiment suggest that IFN-␥ promotes L3 development, with approximately 20% more worms recovered from BaϩBp than from 0ϩBp animals. While this enhancement in parasite establishment was not recorded in the second experiment, it appears that IFN-␥ in the vicinity of L3 inoculation is not detrimental to B. pahangi development in this model. This differs from reports suggesting that depleting Th1 effector molecules such as IFN-␥ and NO results in enhanced Brugia recoveries in mice (2, 49) . However, other studies suggest that Th1 effectors are not required for resistance to infection (15) and that the presence of IFN-␥ may even enhance Brugia development in mice (30) . These data underline the complex nature of the host-parasite interactions that occur during infection with Brugia.
While filarial infections are usually associated with a strong Th2 immune response, the biological implications of this polarized response remain to be fully elucidated. In an attempt to further clarify the role of Th1 and Th2 immune responses in B. pahangi infection in gerbils, B. abortus was used to induce significant IFN-␥ mRNA expression at the time of infection with the filarial parasite. While inoculation with kS19 did not effect a complete switch to Th1 responses following B. pahangi infection, Th2 cytokine responses were depressed, as was the inflammatory response normally associated with Brugia infection. Additionally, BaϩBp gerbils tended to show altered cell profiles, both i.p. and in circulation. However, these changes were insufficient to provide protection against B. pahangi infection, suggesting either that a strong Th2-type cytokine response is not essential for successful establishment of the nematode or that a more strongly Th1 polarized response is necessary to inhibit larval development.
